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The experimental results obtained within a joint international research
e¨ort regarding the formation of condensed combustion products from
nanoaluminum-based solid propellants (SPs) are reported. Data on the
size, structure, chemical composition, and quantity of condensed com-
bustion products (CCPs) as well as conditions of their formation are
discussed. On the basis of the collected experimental data, a general
physical picture of condensed combustion products formation is por-
trayed. The results of this study allow carrying out the analysis of good
quality propellants using nanoaluminum.

1 INTRODUCTION

One of the modern directions to improve SPs is to resort to nanosized compo-

nents. Within the framework of this direction, there is a realistic opportunity

for essential changes of the burning rate law, besides the potential power in-

crease that SP can ful¦ll. During last decade, researchers of various countries

undertook vigorous e¨orts on experimental studies regarding burning processes

of nanoaluminum-based propellants. As a rule, aluminum powders with particle

size of ∼ 100 nm were used.
It can be stated that the burning rate of SPs grows essentially at transition

from traditional powders of aluminum to nanoaluminum [1 9]. However, the

data on in§uence on the burning rate magnitude and its dependence on pressure

remain inconsistent [1 9].

There exist two aspects of the in§uence of nanoaluminum on powder propel-

lant characteristics. First, using this component yields CCPs capable of promot-

ing a decrease in speci¦c impulse losses. Second, using metal fuel in the form of

nanostructure, i.e., particles without a volumetric phase, results in increasing the

propellant energy potential due to utilizing not only chemical energy but also the
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energy of intermolecular interaction [10]. It is worth emphasizing that creation

of propellants based on nanostructures is at the most initial stage nowadays. In

general, such problems as creation of nanostructures and their introduction to

propellant composition have not yet been solved. There is only a limited number

of publications (see, for example, [11]) where such propellants are considered.

Thus, the in§uence of nanoaluminum on the propellant energetic properties

is connected with the in§uence of this component on the CCP characteristics.

The basic process determining these characteristics is the agglomeration process.

There exist di¨erent interpretations for describing the in§uence of nanoalu-

minum on metal fuel agglomeration at the surface layer of the burning propellant.

Virtually, in all works ([4, 12], etc.) carried out so far, introduction of metal

fuel in composition of nanoparticles implied a reduction of the CCP particle size.

However, the statement that nanoaluminum is the universal ¤tool¥ eliminating

the agglomeration process is considered inexact. In view of it, it is necessary to

take into account two circumstances.

First, the size of initial nanoaluminum particles is one two orders of magni-

tude less than the particle size of conventional powders thus producing particle

agglomerates of a rather small size.

Second, under certain conditions, agglomeration mechanism does not depend

on the individual properties of initial particles. For example, for class A propel-

lants [13], agglomerates are formed from a ¤liquid Al Al2O3¥ at the surface layer

of burning propellant when the ignition temperature of metal is less than the

decomposition temperature of carbonaceous elements. (Reduction of particles

size results in the reduction of metal ignition temperature.)

Besides, there is no information about the characteristics of all CCPs formed

in the course of burning of nanoaluminum-based propellants.

As a result, there is no commonly accepted understanding of the mechan-

ism of CCPs formation at burning of nanoaluminum-based propellants. As this

mechanism is directly connected with the in§uence of metal fuel (MF) on the

propellant burning rate, there are also problems with the description of the

burning mechanism of propellants of the considered class as a whole.

The circumstances discussed above stimulated the present work which had

the following objectives:

  to obtain experimental information on the entire set of CCPs for burn-

ing nanoaluminum-based propellants depending on the oxidizer type and

burning conditions;

  to formulate basic principles of the CCPs formation mechanism for

nanoaluminum-based propellants; and

  to provide recommendations on the optimum way of using nanoaluminum

in propellant composition.
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2 EXPERIMENTAL TECHNIQUES

The implemented experimental techniques include:

  quench-collection of CCPs in the gas-phase zone above the burning surface

and direct study of the products including mass, chemical, and structural

analyses, as well as particle size measurements;

  measurement of steady-state propellant burning rate;

  study of combustion residues obtained using special plates; and

  high-speed and high-resolution digital visualization of burning processes.

The essential features of the implemented techniques are the opportunities to

collect no less than 95% by weight of all CCPs and to analyze particles from tens

nanometers up to thousand micrometers size. The description of the techniques

was given previously in a number of authors£ publications [14 18].

For the quantitative description of the processes involved, the following char-

acteristics are used:

fm(D) ¡ the mass function of size distribution density for agglomerates;

fm(d) ¡ the mass function of size distribution density for smoke oxide particles;

Zm ¡ the fraction of unburned metal in agglomerates relative to initial metal

in propellant;

Zoxm ¡ the fraction of initial metal in propellant contributing to oxide formation
in agglomerates;

Za
m ¡ the fraction of initial metal in propellant contributing to the formation

of agglomerates;

η ¡ the mass fraction of oxide in agglomerate;

D43 ¡ the mass-mean diameter of agglomerates, μm;

d43 ¡ the mass-mean diameter of smoke oxide particles, nm;

rb ¡ the steady-state propellant burning rate, mm/s.

Qualitative information was obtained by analyzing the photographs of parti-

cles collected, their microsections, combustion residues on the plates, as well as

video ¦lms of burning.

The experiments were performed for compositions based on inert binder and

various oxidizers: ammonium perchlorate (AP), cyclotrimethylene tetranitra-

mine (îíè), and ammonium nitrate (AN). Tables 1 and 2 show the character-

istics of some of the investigated compositions.
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Table 1 AN-based composition

Substance, % AN1 AN2

AN coarsea 33 33

AN ¦neb 33 33

Al regularc 22 ¡

Al nanosizedd ¡ 22

Isoprene rubber 2.4 2.4

Oil (ó19î35) 9 9

Additives 0.6 0.6
aSize of particles 250 350 μm.
bSize of particles 40 70 μm.
cMass-mean diameter of particles

10.5 μm.
dSpeci¦c surface 10 20 m2/g (size

∼ 0.1 μm).

Table 2 (AP HMX)-based composition

Substance, % N1 N2 N3 N4

Plasticized binder 14.0 14.0 14.0 14.0

APa 76.9 68.9 65.9 49.9

Al nano-sizedb 9.0 9.0 20.0 16.0

Al regular ¡ 8.0 ¡ ¡

HMX ¡ ¡ ¡ 20.0
aSize of particles 160 315 μm.
bSpeci¦c surface 12.4 m2/g.

3 RESULTS

3.1 Condensed Combustion Products

In general, the CCP particles have a rather wide range of sizes (from fractions of

micrometer up to thousand micrometers). However, irrespective of the particle

size, it is always possible to allocate two fractions, which are formed by particles

of two types: agglomerates and smoke oxide particles (SOPs). Agglomerates are

the particles formed due to merging of condensed substances at the propellant

surface layer. Smoke oxide particles are the products of metal combustion in this

layer and in the layer above the propellant surface in the gas phase.

The grounds for the allocation of these fractions are provided by the mass

function of size distribution density of particles. The speci¦ed fractions corre-

spond to separate modes (set of modes). It is supposed that the size of agglom-

erates cannot be smaller than the size of initial metal particles.

Let us consider the in§uence of nanoaluminum on the properties of particles

within the speci¦ed fractions for the propellants of di¨erent compositions.

3.1.1 Agglomerates

A. AN-based propellants

The results of studies of AN-based propellants were published in [19, 20]. The

most remarkable consequences of using nanoaluminum are as follows.

Application of nanoaluminum results primarily in the formation of ¤hollow¥

agglomerates. They consist of the oxide shell with a comparatively small metal
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particle embedded. Besides, the important consequence of using nanoaluminum

is a considerable reduction of the agglomerate size: the size decreases by a factor

of 5 6. The presence of nanoaluminum also reduces the mass of agglomerates

(parameter Za
m) and increases the mass of oxide in agglomerates (growth of

parameters Zoxm and η).

B. (AP HMX)-based propellants

With these propellants, the agglomerates of three known types are observed,

namely, ¤matrix,¥ ¤oxide cap,¥ and ¤hollow¥ agglomerates [20]. The over-

whelming majority of the collected agglomerates exceeding 20-micron size are

attributed to the second type, i.e., to the agglomerates with ¤oxide cap.¥ Among

the agglomerates of ¦ne fraction, the new type of agglomerates was detected.

The agglomerate of this type is a particle of metal covered with oxide. Despite

known problems of studying the structure of small-size particles, it is apparently

possible to claim that such agglomerates do exist. The structure of the agglom-

erates formed in the course of burning of the investigated compositions is shown

schematically in Fig. 1.

For the investigated compositions, two types of particle agglomeration can

take place. They di¨er by the agglomeration process and agglomerate type.

In the ¦rst, the formation of agglomerates with a size close to that observed

at burning of propellants with microsized aluminum is possible. In this case, the

mass function of size distribution density of agglomerates is unimodal and varies

insigni¦cantly with pressure (Fig. 2).

In the second, the formation of agglomerates of essentially smaller size (Fig. 3)

is possible. In this case, there is no essential in§uence of burning conditions on

the agglomerate size distribution.

The amount and chemical composition of agglomerates in the above-

mentioned types of agglomeration are di¨erent. In the ¦rst, the values of pa-

Figure 1 The structure of agglomerates: (a) ¤oxide cap¥ and (b) metal covered with
oxide
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Figure 2 The mass function of size dis-
tribution density of agglomerates for com-

position N2: 1 ¡ MPa and 2 ¡ 6 MPa

Figure 3 The mass function of size dis-
tribution density of agglomerates for com-

position N4 (P = 6.0 MPa)

rameter Za
m are rather ¤moderate¥ (Z

a
m ∼ 0.5), whereas in the second, these

values are large (Za
m ∼ 0.9). Besides, a higher content of oxide in agglomerates

is typical of the second type of agglomeration.

3.1.2 Smoke oxide particles

Smoke oxide particles have the regular spherical shape (Fig. 4). As a rule, these

are the particles of white color. At present, there are no data on the internal

Figure 4 Electron microscope images of SOPs
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Figure 5 The mass function of SOPs size distribution density for some compositions

structure of such particles. However, there are grounds to assume that some

particles have gas cavities.

A. AN-based propellants

The most distinctive features of SOPs are their rather small mass fraction in the

composition of CCPs (1−Za
m) [19] and their unusually large size (Fig. 5). Worth

emphasizing is the obvious unterrelation between the sizes of agglomerates and

SOPs: with increasing the size of agglomerates, the size of SOPs also increases.

The use of nanoaluminum, which results in decreasing the agglomerate size,

results in decreasing the SOPs size. The mass function of SOPs size distribution

density has only one mode.

B. (AP HMX)-based propellants

The most distinctive feature of all compositions based on nanosized aluminum is

unusually small size of SOPs (see Fig. 5). The SOPs mass fraction in composition

of CCPs is determined by parameter Za
m and depends on the agglomeration

process.

3.2 Characteristics of Surface Layer

The surface layer structure was studied by analyzing the combustion residue

on inert plates. It was presumed that those residues corresponded to the spe-

ci¦c structure of the surface layer, which plays a very important role in the
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Figure 6 Two subsequent images of the surface layer of AN-based composition

(P = 3.0 MPa, –t = 1 ms)

process of propellant combustion and was given the name of the skeleton layer

(SL) [13].

For AN-based propellants, the SL has the characteristic properties of class A

propellants [13]. The SL basis is made of a carbon skeleton and the pores of the

carbon skeleton are appreciably ¦lled with ¤liquid Al Al2O3.¥ The SL of these

propellants features a high degree of continuity, covering virtually the entire

burning surface of propellant and keeping it free from oxidizer particles. The

carbon skeleton thickness is ∼ 400 500 μm. Using nanoaluminum does not
result in a signi¦cant e¨ect as far as SL properties are concerned.

The situation is di¨erent for propellants based on AP and HMX. For the ¦rst

type of agglomeration, SL structure is similar to that observed for class A pro-

pellants. However, the SL possesses a smaller degree of continuity as against AN-

based propellants, covering only a part of the surface of a composition binder ¡

metal fuel. For the second type of agglomeration, SL has a metal skeleton, which

is a certain analogue of an SL of class B propellants [13]. However, optical mi-

croscope studies do not allow detecting separate particles forming this skeleton.

One can assume that a similar skeleton of nanosized particles is formed during

propellant manufacturing when aluminum particles coagulate with each other

after being introduced into the propellant mixture, and form ¤metal strings.¥

The metal skeleton is thus formed in the propellant bulk after hardening. Ap-

parently, this metal skeleton can determine the basic properties of CCPs formed

during burning.

Results of visualization of burning area con¦rm in general the above men-

tioned data on properties of a surface layer. Figure 6 shows the image of a surface

layer for the AN-based composition.
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4 PHYSICAL CONCEPT OF CONDENSED
COMBUSTION PRODUCT FORMATION

The formation of CCPs depends on both the opportunity of SL formation and

its properties. It can be asserted that agglomerates form only from the metal

fuel participating in SL formation.

The necessary condition of SL formation is the availability of connected struc-

tures from metal particles [13, 21]. In turn, their occurrence can be closely

connected with two phenomena:

(1) formation of carbon skeleton during propellant burning; and

(2) creation of the connected structures from the initial metal particles in the

propellant.

The former depends on the propellant composition, i.e., binder and oxidizer,

and the latter depends on the manufacturing procedure.

A. AN-based propellants

The results of previous works [19, 20] show that, owing to the formation of

a continuous AN melted layer on the surface of the burning propellant, the

heterogeneity of propellant structure is leveled; also, the formation of carbon

skeleton and, hence, SL occurs through all structural formations. This ensures

a high degree of participation of MF in agglomeration.

The burning law corresponds to class A propellants, i.e., the temperature

of metal fuel ignition (Tigm) is lower than the decomposition temperature of
carbonaceous elements (Tdc) [13]. It is obvious that for this class of propellants,
the initial metal particles lose their individuality during agglomeration and the

¤initial material¥ for agglomerates is ¤liquid Al Al2O3.¥

There are grounds to believe that the use of nanoaluminum results in reducing

the Tigm value. Consequently, one obtains earlier MF ignition, the growth of the
heat §ux coming back to the propellant condensed phase, and, hence, the growth

of the propellant burning rate. Finally, the agglomerating particle on the SL top

surface and actual agglomerates decrease in size.

Small sizes of these particles and signi¦cant life times of SL surfaces result in

the e¨ective evolutionary process of particle agglomeration on this surface. This

process is understood as a sequence of physical and chemical transformations,

which the speci¦ed particles undergo. This process leads to a signi¦cant amount

of agglomerated metal and to the formation of ¤hollow¥ agglomerates.

One of the outcomes of this process is the burning of metal agglomerates in

the gas phase with the formation of SOPs. Thus, this process is a source of

SOPs at burning of the propellants of the considered type. The size of formed
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oxide particles depends on the time of their stay in the ¤trail¥ of burning par-

ticles where condensation and coagulation phenomena take place [18]. This size

increases with the time of stay and vice versa: reduction of the size of the ag-
glomerating particles results in the reduction of this time. As a consequence,

there is an essential reduction of SOPs size when using nanoaluminum. The uni-

formity of SOPs formation results in a mass function of SOPs size distribution

density with only one mode.

B. (AP HMX)-based propellants

For these propellants (remind that the propellants based on inert binders are

considered), the heterogeneity of their structure signi¦cantly in§uences the SL

formation [13]. Pertinently, for such structural formations, one can use the

concepts of ¤pocket¥ and ¤interpocket bridge.¥ The formation of carbon skeleton

does not occur within the ¤interpocket bridges,¥ and, hence, SL. Thus, the mass

fraction of ¤pockets¥ in a propellant can be used for an estimation of a share of

the MF participating in agglomeration. A similar situation obviously takes place

in those cases when initial particles keep their individuality and do not form a

vast interconnected structure.

Experimental data provide the grounds to believe that for the ¦rst type of

particle agglomeration, initial nanoaluminum grains keep their individuality in

the propellant and SL formation is determined by the propellant structure. In

this case, SL properties correspond to those relevant to class A propellants, i.e.,

Tigm < Tdc.
The use of the structure model [8, 22], providing the estimation of a share

of ¤pockets¥ in the propellant and the function of ¤pockets¥ size distribution,

has allowed drawing a conclusion on a©nity of ¤pockets¥ mass fraction in a

composition of binder ¡ MF (gp) to parameter Z
a
m and on the realization of the

¤pocket¥ mechanism of agglomeration. In this case, particles of both AP and

HMX participate in the formation of ¤pockets.¥ (For example, for composition

N2, the parameter gp is equal to 0.45, and mass-mean diameter of agglomerates

formed due to the ¤pocket¥ mechanism is equal to 137 μm.)

The formation of SOPs for the considered propellants proceeds in conformity

with two mechanisms: at combustion of nonagglomerating MF in a layer above

the surface and burning of agglomerating particles on the SL surface. However,

in this case, the evolution of agglomerating particles on the surface of SL is

not important, and the second mechanism can be apparently neglected. The

basic mode of burning of nonagglomerating MF is a heterogeneous mode [8, 13].

Consequently, there is the a©nity of SOPs size to the initial nanoaluminum size.

In general, one cannot exclude possible presence of SOPs in gas pores.

For the second type of agglomeration, connected structures can apparently

form from the initial MF particles in the propellant bulk. It is necessary to

emphasize that the occurrence of such situation is promoted by very small size
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of MF particles, which results in a large probability of contact between particles

during propellant manufacturing.

In this case, the occurrence of an SL is not connected with the burning pro-

cess. Also, the structure of propellant does not in§uence the SL formation and

the share of the initial MF participating in its formation. Hence, the agglomer-

ation depends on the degree of coherence of initial particles in the propellant.

Experimental data provide the grounds to believe that the latter is rather great.

Speci¦c features of SL structure result in the growth of thermal losses with metal

particles during burning and, therefore, in the growth of their ignition temper-

ature. Under these circumstances, the condition Tigm > Tdc is likely to take
place. Thus, the SL properties are similar to those relevant to class B propel-

lants [13], i.e., the SL is the metal skeleton consisting of initial metal particles

fastened to each other. After ignition of SL particles, they start merging and

form agglomerates. The size and structure of the agglomerates depend on the

time of particles stay at the SL surfaces and on the speci¦c features of agglom-

erating particles evolution. The time of stay is determined basically by the SL

nonuniformity [23]. In the case considered, the occurrence of nonuniformities

responsible for the out§ow of agglomerating particles from the SL is connected

with the propellant manufacturing process and does not depend on the actual

burning process. This, apparently, determines a weak dependence of the agglom-

erate size on pressure.

After ignition, the burning of particles proceeds in heterogeneous mode [8].

Burning in this mode can be considered as one of the stages of the evolutionary

process of agglomerating particles on the SL surface. Small sizes of agglomerating

particles and high level of thermal losses result in a prolonged duration of this

stage. As a consequence, some particles do not burn in the gas-phase mode, and

agglomerates of a new type are formed.

Smoke oxide particles form as a result of combustion of a small part of initial

metal, which does not form connected structures. The mechanism of formation

of these particles does not apparently di¨er from that considered earlier for the

¦rst type of agglomeration.

The propellants exhibiting burning with the ¦rst and second types of agglom-

eration will be referred to as propellants Nano1 and Nano2, respectively.

When comparing the propellants of these types, the preference is unclear.

In the case of Nano2 propellants, the problem of slag formation in the motor

chamber virtually does not exist. However, the possibility of formation of metal

agglomerates covered with oxide can result in increasing of speci¦c impulse (Jsp)
losses. In the case of Nano1 propellants, a situation with the optimum ratio

between two basic CCPs fractions is potentially possible, which provides mini-

mum slag formation and minimum Jsp losses. Besides, for the propellants of this
type, typically higher in§uence of MF on the propellant burning rate is observed

which results in reducing the pressure exponent [8]. The above-mentioned ideas

are illustrated schematically in Fig. 7.
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Figure 7 Type and quality of propellants based on nanosized aluminum

5 CONCLUDING REMARKS

The results of the study reported herein allow establishing the speci¦c features

of CCPs formation during the combustion of propellants based on nanosized

aluminum. These results can be used both for manufacturing similar propellants

and for improving the general theory of aluminized propellant burning.
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